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4 AUTOMATIC OPERATION 
 
4.1 TEST CONTROL AND DATA ACQUISITION 
 
The three motion modes, the wave generator, the steering 
device(s), propeller(s), the auxiliary devices for ship-ship 
interaction tests, and other external devices are controlled 
by a PC on the towing carriage and presently up to six 
PIOCs (Programmable Input Output Control). The 
PIOCs also assure the sampling and the control of the 
analogue and digital input signals. The PIOCS can be 
located on the carriage, in the ship model or ashore. The 
communication between the PIOCs and the PC occurs 
over a LAN connection. A directional wireless bridge 
connects the carriage with the shore. Timing and 
synchronisation is assured by an implementation of the 
IEEE 1588 (PTP) timing protocol. 
 
The towing tank application software allows the operator 
to control the carriage mechanisms and the analogue and 
digital outputs manually, to manoeuvre into or out of the 
harbour, to "home" (calibrate the position), to adapt the 
settings of the software application, and, of course, to 
execute captive or free running manoeuvring tests. The 
control system allows unmanned operation, so that 
experiments can be executed in batch in a fully automatic 
way during day and night, seven days a week. In spite of 
the long waiting time between the runs that is required 
for shallow water tests, see 5.1, an average of 35 tests per 
24 hours can be carried out in this way. Safety measures 
are put in place to safeguard the people around the 
towing tank from being hit by the carriage.  
 
During captive manoeuvring tests, the ship model 
follows a predetermined trajectory in the horizontal 
plane, described in a trajectory file (see 4.3), applied by 
the towing carriage. During each run, the forces acting on 
the ship model (hull, propeller(s), and steering device(s)), 
the propulsion rate(s), the steering angle(s), and the 
sinkage at four points are measured; depending on the 
type of test, other signals are sampled as well, e.g. forces 
on and motions of target vessels, wave gauges mounted 
at a fixed location in the tank or attached to the towing 
carriage (see Figure 3 for a typical setup). Each PIOC 
can sample up to 24 analogue and 20 digital input signals 
and control up to 4 analogue and 20 digital outputs. The 
PC controls the positions of the longitudinal, lateral and 
yawing sub-mechanisms which are stored in a digital 
way (16 bit). A variable sample frequency up to 200 Hz 
can be selected. 
 
4.2 PRE-PROCESSING 
 
Software has been developed for the generation of 
trajectory files in XML format for several types of 
standard captive and free running manoeuvring tests (see 
Table 4). The trajectory file contains a sequence of 
reference values for the sub-mechanism positions and for 
the analogue and digital outputs as a function of time. In 
the case of free running tests an additional file is needed 
which contains the commands for the autopilot. Most 
captive tests can contain several conditions, e.g. several 
values for the propeller rate(s) or steering angle(s) during 
one test run. A graphical user interface allows to input 
both the common characteristics for all trajectories, e.g. 
the used ship model and environment, and a number of 
trajectory rows supplying data typical for each trajectory, 
e.g. drift angle, propeller rate, rudder angle. 
 
For the specific test type in (ir)regular waves the 
trajectories are optimized, which means that the optimal 
start and stop position of the ship model and the optimal 
starting times for the towing carriage and the wave 
generator maximise the number of useful encounter 
periods between the ship model and the wave train. 
However, it is also possible to use the wave maker to 
generate regular waves for most test types without this 
optimization algorithm. 
 
Table 4. Types of standard manoeuvring tests 
(selection) 
Type Description 
CAPTIVE 
bollard pull propeller and rudder action at zero speed 
stationary 
rectilinear 
constant forward or backward speed, 
propeller and rudder action, drift angle, 
regular wave climate 
oscillation harmonic variation of longitudinal, lateral 
or yawing position, at zero speed 
PMM sway  constant forward speed, oscillatory sway, 
propeller action, regular wave climate 
PMM yaw constant forward speed, oscillatory yaw, 
propeller and rudder action, drift angle,  
regular wave climate 
multimodal harmonic test to vary at the same time the 
longitudinal and/or lateral and/or yawing 
velocity, propeller rate(s) and/or rudder 
angle(s), regular wave climate 
interaction ship - ship interaction test with two 
passing or overtaking ship models 
(ir)regular 
waves 
model test in regular or irregular 
(spectrum based) waves with trajectory 
optimization 
FREE RUNNING 
acceleration determination of the model self-
propulsion point 
constant no autopilot control after release 
crash stop perform a stop given a certain propeller 
reversal law 
track 
keeping 
the autopilot tries to keep the ship model 
on a prescribed track given external 
disturbances (banks, regular waves,…) 
zigzag the autopilot performs a zigzag test, based 
on heading or yaw rate  
 
Before the tests can be carried out by the PC of the 
towing carriage, the trajectory files have to contain a 
valid signature provided by a validation program. The 
validation software checks whether the captive trajectory 
can be executed, taking account of the position, velocity, 
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and acceleration ranges for each sub-mechanism. It also 
checks for possible contacts between the ship model and 
the environment. To validate the model tests the 
validation program needs additional information such as 
the carriage parameters, the ship characteristics and the 
environment geometry. When the tests are validated, the 
validation software generates a batch file, allowing 
execution of the test series by automatic operation. 
 
4.3 EXECUTION OF MANOEUVRING TESTS 
 
All information the towing carriage needs to execute a 
manoeuvring test is stored in the trajectory file. After the 
trajectory file is read, the ship model is moved to the start 
position of the trajectory and the waiting time is started. 
Based on the trajectory file, reference values of the 
position of the sub-mechanisms at each point of time, the 
time increment being a multiple of 5 ms, are calculated 
and stored in the controller memory, with a maximum of 
50,000 points. This information is sent to the PIOCs 
before the test during the waiting time. The waiting in 
between two tests can be dynamically controlled by 
monitoring different analogue input signals, such as 
water levels and forces acting on the waiting ship. The 
waiting time has a maximum value, after which the test is 
started disregarding the state of any input signal. A 
typical waiting time is 2000 s, see also 5.1. 
 
During the test the measurements are only sent to the PC 
to check the limits of the gauges, an alarm occurs in case 
a range limit is exceeded. Depending on the settings, 
alarms can cause either a simple log message or interrupt 
the test or even the entire batch. The highest alarm level 
triggers an emergency stop. Alarm warnings can also 
include an e-mail message or text message which is sent 
to the operator. 
 
The measurements are saved at the PIOCs during the test 
and after finishing the test, all measurements are sent to 
the PC to be stored in a documentation file, an XML text 
file with all information of the executed manoeuvring 
test. The documentation file contains the input, output, 
positioning, ship, and environment files followed by the 
measurements. 
 
Because of full computer control a series of tests can be 
carried out consecutively. In a batch file, the trajectory 
files that have to be executed are listed, separated by the 
required maximal waiting times. As these batch runs may 
take several days, the measurement instrumentation is 
checked by a calibration test which is carried out at the 
beginning and at the end of the batch file, and after every 
60 tests during the batch. The results of these runs are 
compared and should be equal, otherwise a problem 
would have occurred with one of the gauges. In this case, 
corrective actions are required and a calibration check 
has to be carried out. A full calibration is executed when 
a new ship is attached to the towing carriage (see also 2.4 
(b)). An additional calibration of the hull forces is carried 
out when the ship’s draft is changed. After a calibration 
the user needs to update the information on analogue and 
digital in/outputs (conversion of voltage to physical units 
or vice versa, definitions, acceptable ranges, etc.) in the 
towing tank program. 
 
4.4 POST-PROCESSING 
 
In order to condense the data in a documentation file, 
which is in the order of magnitude of 10 MB, post 
processing software has been developed, which applies 
corrections of measuring results, e.g. correction of 
sinkage due to imperfection of the rails according to 
information based on a rail calibration test (see 5.3 (b)). 
A running average, based on an interval defined by the 
user, can be applied to all test results and is stored in a 
separate XML-file. 
 
Additionally, for captive tests a result file is generated 
containing a summary of test parameters, and average 
values (for stationary tests) or amplitudes of 0
th
 to 3
rd
 
harmonics (for oscillation tests) for each input channel. 
Based on this result file or on the running average, a data 
point file can be generated, containing the results of the 
tests which can be used for the derivation of 
mathematical models. 
 
5 SHALLOW WATER CHALLENGES 
 
5.1 EXECUTION TIME 
 
Slow speed, large drift angles and a propeller working in 
four quadrants are common conditions in harbour 
manoeuvres. The towing tank was built dedicated for 
shallow and restricted water tests in harbour conditions. 
In this way a significant amount of different parameters 
could be varied. A typical program to derive a 
mathematical manoeuvring model for one ship at one 
loading condition and one water depth comprises 300 
captive tests with an average execution time of 5 min. 
The duration of a test program is however heavily 
affected by the waiting time in between two tests. This 
waiting time is needed for the water in the towing tank to 
return to rest. In shallow water this process takes longer, 
not only due to the decreased wave speed, but also to the 
natural induction of vortices throughout the tank, 
especially after a test at large drift angles. At present a 
standard waiting time is used of 2000 s in between tests. 
Alternatively the waiting time can be regulated 
dynamically by continuously monitoring the water 
motions and forces acting on the ship hull in between 
two tests. Once an acceptable level is obtained the next 
test in line can be initiated. 
 
5.2 SPEED AND SINKAGE 
 
The critical speed in shallow water is given by the speed 
of shallow water waves: 
 𝜌𝜌𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐1 = �𝑔𝑔ℎ → 𝐹𝐹𝑟𝑟ℎ,𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐1 = 1 (1) 
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5.3 (c) Tank bottom 
 
With respect to the tested under keel clearances, a 
maximal deviation of the tank bottom level of 1 mm is 
considered acceptable. After 15 years of operation the 
bottom was flattened in May 2008 to meet the desired 
accuracy. The first layers were milled using the towing 
carriage in manual mode, but when the largest 
differences had disappeared, the towing carriage was 
programmed to flatten the bottom automatically. The 
bottom was flattened in layers of 0.7 mm until the 
accuracy of ± 1 mm was reached. Stiffness and water 
tightness of the bottom (and any built in obstacle) is 
important to correctly measure the ship’s responses and 
manoeuvring forces. 
 
5.4 SHALLOW WATER WAVES 
 
The tests with regular waves in the towing tank are 
optimized to maximize the useful output. Several criteria 
have to be met: 
• A useful sea state is obtained once the wave 
train generated by the wave maker has reached 
the ship model over its full length with an 
amplitude which is acceptably close to the 
desired value. The time to reach this point can 
be computed given the position of the ship, the 
position of the wave maker, the group and phase 
velocities of the waves and the start time of the 
wave generation; 
• A wave that reaches the ship model is reflected 
and sent back to the wave maker where it 
interferes with the produced wave system. The 
resulting wave system is different and when it 
reaches the ship another sea state is obtained. 
This process is known as diffraction and should 
be avoided. The time to reach this point is given 
by the position of the ship, the position of the 
wave maker, the phase velocity and the start 
time of the wave generation; 
• A wave that has passed the ship model travels 
further towards the end of the tank where the 
wave is reflected. If the reflected wave reaches 
the ship model it interferes with the present 
wave system. This process is known as 
reflection and should be avoided as well. The 
time to reach this point is given by the position 
of the ship, the position of the wave maker, the 
wave speed, the position of the tank wall and the 
start time of the wave generation; 
• The ship should be sailing at a stationary speed, 
thus without acceleration, deceleration or 
waiting phases. 
 
In addition to the above, interaction between the ship, the 
wave and the side walls occurs as well. In shallow water 
this is rather inevitable due to the small ship speeds 
compared to the wave speed, especially at oblique wave 
angles and/or drift angles of the ship. 
 
Moreover waves in shallow water are significantly 
affected by the water depth. Wave braking occurs at 
smaller wave amplitudes and the wave profile is mostly 
of higher order with narrow, large crests and wider, 
shallow troughs which has to be coped with higher order 
theories. 
 
6 FUTURE DEVELOPMENTS 
 
6.1 ACTUAL TOWING TANK 
 
In 2016 the towing tank will be upgraded by adding 
forced roll motion as a fourth captive degree of freedom. 
This will allow to measure forced roll motions, even in 
combination with yaw and sway motions and to 
investigate and model the effect of roll on the 
manoeuvring behaviour of a ship. In 2016-2017, the 
motor drives of the carriage power will be replaced and 
the electrical systems refurbished. 
 
Steps are taken towards further automation. In the future 
the water depth variation should also be included in the 
batch, which will lead to longer net operational times. 
Cameras will be added to increase the distant monitoring 
level, which allows to solve certain alarm issues without 
necessarily having to be present. 
 
6.2 A SECOND TOWING TANK 
 
The size of the sea-going ships have been increasing 
since the first towing tank was built in 1992. As a result 
present scale factors are increasing, which puts a limit on 
the accuracies that can be achieved. Moreover the 
mentioned shallow water challenges, such as wave 
reflection, critical speed,… put a severe limit on the 
possibilities of the current towing tank. 
 
In 2009 a project was initiated to build a second towing 
tank. The dimensions of this towing tank are given in 
Table 6. 
 
Table 6. Main dimensions of the second towing tank 
______________________________________________ 
Total length  [m] 174.0 
Useful length  [m] 140.0 
Width  [m] 20.0 
Maximum water depth [m] 1.0 
Length of the ship models [m] 3.5 – 8.0 _____________________________________________ 
 
FHR has not sufficient space to build a tank of this size 
at its present location, for this reason a second site has 
been designed and will be built in Ostend, near the 
Belgian coast. The tank will also aim at manoeuvring and 
seakeeping tests in shallow water. It will be equipped 
with a 4 DOF captive carriage, with possibilities to 
mount a 6 DOF hexapod and to operate in free running 
mode. 
 
At present political approval is still needed to release the 
necessary funds. 
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7 CONCLUSIONS 
 
Execution of captive manoeuvring and seakeeping tests 
with ship models in shallow and confined water is time-
consuming, not only because of the large number of 
varying parameters, but also because additional shallow 
water challenges, such as long waiting times between 
two test runs have to be taken into account. Experience at 
Flanders Hydraulics Research in Antwerp has shown that 
optimisation of a ship model experimental facility can be 
obtained through intensive automation of the test 
operations. However, an efficient use of an automatic 
system also requires the development of reliable pre- and 
post-processing software to organise the data flow, and 
the availability of auxiliary infrastructure to investigate 
interaction effects with the channel environment and 
other shipping traffic that is integrated into the automated 
system.  
 
Despite the already high level of automation, further 
modernization steps are planned, including the 
construction of a state of the art second, larger towing 
tank. 
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